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Enzyme Production Using an Extremophilic Biocatalyst 
Abstract 
Bio-detergents are useful in many markets because they contain enzymes that can break down proteins 
and in turn enhance stain removal. However, many of these enzymes deactivate at high temperatures so 
sterilization and stain removal must be done in two separate processes. This process produces 
extremozymes, enzymes derived from extremophilic microorganisms that have optimal activity and 
stability at harsh conditions, to be used in bio-detergents. The thermostable characteristics of this 
enzyme allow it to accomplish high levels of protein breakdown at temperatures conducive to 
sterilization. It is expected that this characteristic provides a 15% price premium over the leading 
incumbant. The extremophilic biocatalyst used for this process is Natronomonas pharaonis and the 
selected enzyme has optimal activity at 60℃ and pH 10.0. The target production rate is 4,500 MT per 
year with the final product being 87% and selling for $36.00/kg. According to a 10-year profitability 
analysis, the predicted IRR is 15%. In 2021 the Net Present Value will be $880,900. In the third year of 
production the ROI will be 17.36%. 
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7. 	Product	Concepts		 There	is	a	possibility	to	modify	the	bacteria	to	produce	other	extracellular	components	that	can	be	sold	as	well.	While	this	would	allow	one	process	to	offer	multiple	revenue	streams,	it	would	complicate	the	purifications	and	separation	steps	because	the	other	component	would	not	be	necessary	in	the	detergent	industry.	Additional	separation	steps	would	increase	the	cost	of	the	process	and	would	negatively	impact	the	purities	of	both	final	products.		 There	was	also	the	option	to	have	the	enzyme	produced	intracellularly	and	add	cell	lysis	to	the	process	but	reduce	the	hydraulic	load	downstream.	However,	following	the	industry	standard	of	using	a	bacterial	strain	that	is	capable	of	secreting	extracellular	enzymes,	it	was	decided	that	an	extracellular	enzyme	would	lead	to	a	more	efficient	process.		 	
18 
 
8. 	Superior	Product	Concepts		 The	final	product	will	be	an	isolated	extremophilic	enzyme	that	can	be	sold	to	consumer	goods	manufacturers	for	use	in	detergents.	It	will	have	87%	purity	and	be	the	only	product	produced	by	the	process.	Focusing	on	isolating	only	one	component	of	the	cell	allowed	for	a	more	streamlined	and	efficient	process.	Additionally,	the	decision	to	engineer	the	bacteria	to	secrete	the	enzyme	extracellularly	allowed	for	further	simplification	of	the	process	by	avoiding	cell	lysis	and	separation.	 	
19 
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Temperature	 32.0	 66.0	 66.0	 66.0	 32.0	 32.0	 66.0	 60.0	 60.0	
Pressure	 1.2	 1.4	 1.4	 1.4	 1.0	 1.2	 1.4	 1.2	 1.2	
Total	Mass	
(g/batch)	 5116.9	 5116.9	 242720.8	 247837.6	 1.0	 2126.6	 263.9	 1754.6	 163.6	
Component	Mass	(g/batch)	
Water	 0.0	 0.0	 0.0	 0.0	 1.0	 1617.5	 0.0	 1618.5	 0.0	
Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	 151.2	 0.0	 0.0	 0.0	
Carbon	
Waste	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 9.1	 0.0	
Sodium	
Phosphate	 0.0	 0.0	 0.0	 0.0	 0.0	 4.8	 0.0	 1.0	 0.0	
Sulfur	 0.0	 0.0	 0.0	 0.0	 0.0	 0.4	 0.0	 0.1	 0.0	
Sodium	
Chloride	 0.0	 0.0	 0.0	 0.0	 0.0	 328.6	 0.0	 65.7	 0.0	
Potassium	
Hydroxide	 0.0	 0.0	 0.0	 0.0	 0.0	 14.8	 0.0	 3.0	 0.0	
Magnesium	
Chloride	 0.0	 0.0	 0.0	 0.0	 0.0	 0.7	 0.0	 0.1	 0.0	
Boric	Acid	 0.0	 0.0	 0.0	 0.0	 0.0	 8.6	 0.0	 8.6	 0.0	
Oxygen	 0.0	 0.0	 242720.8	 242720.8	 0.0	 0.0	 258.8	 0.0	 51.8	
Ammonia	 5116.9	 5116.9	 0.0	 5116.9	 0.0	 0.0	 5.1	 0.0	 1.0	
Carbon	
Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 110.8	
Cells		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 48.6	 0.0	
Product	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	




Stream	 S2	 S9	 S17	 S5	 S21	
Description	 From	aliquot	 Media	in	 Gases	in	 Cells	out	 Waste	gas	
Temperature	 32.0	 32.0	 66.0	 60.0	 60.0	
Pressure	 1.0	 1.2	 1.4	 1.2	 1.2	
Total	Mass	
(g/batch)	 1.0	 2126.6	 263.9	 1754.6	 163.6	
Component	Mass	(g/batch)	
Water	 1.0	 1617.5	 0.0	 1618.5	 0.0	
Glucose	 0.0	 151.2	 0.0	 0.0	 0.0	
Carbon	Waste	 0.0	 0.0	 0.0	 9.1	 0.0	
Sodium	
Phosphate	 0.0	 4.8	 0.0	 1.0	 0.0	
Sulfur	 0.0	 0.4	 0.0	 0.1	 0.0	
Sodium	
Chloride	 0.0	 328.6	 0.0	 65.7	 0.0	
Potassium	
Hydroxide	 0.0	 14.8	 0.0	 3.0	 0.0	
Magnesium	
Chloride	 0.0	 0.7	 0.0	 0.1	 0.0	
Boric	Acid	 0.0	 8.6	 0.0	 8.6	 0.0	
Oxygen	 0.0	 0.0	 258.8	 0.0	 51.8	
Ammonia	 0.0	 0.0	 5.1	 0.0	 1.0	
Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 110.8	
Cells		 0.0	 0.0	 0.0	 48.6	 0.0	
Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	




Stream	 S3	 S10	 S18	 S6	 S22	
Description	 From	aliquot	 Media	in	 Gases	in	 Cells	out	 Waste	gas	
Temperature	 32.0	 32.0	 66.0	 60.0	 60.0	
Pressure	 1.0	 1.2	 1.4	 1.2	 1.2	
Total	Mass	
(g/batch)	 1.0	 2126.6	 263.9	 1754.6	 163.6	
Component	Mass	(g/batch)	
Water	 1.0	 1617.5	 0.0	 1618.5	 0.0	
Glucose	 0.0	 151.2	 0.0	 0.0	 0.0	
Carbon	Waste	 0.0	 0.0	 0.0	 9.1	 0.0	
Sodium	
Phosphate	 0.0	 4.8	 0.0	 1.0	 0.0	
Sulfur	 0.0	 0.4	 0.0	 0.1	 0.0	
Sodium	
Chloride	 0.0	 328.6	 0.0	 65.7	 0.0	
Potassium	
Hydroxide	 0.0	 14.8	 0.0	 3.0	 0.0	
Magnesium	
Chloride	 0.0	 0.7	 0.0	 0.1	 0.0	
Boric	Acid	 0.0	 8.6	 0.0	 8.6	 0.0	
Oxygen	 0.0	 0.0	 258.8	 0.0	 51.8	
Ammonia	 0.0	 0.0	 5.1	 0.0	 1.0	
Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 110.8	
Cells		 0.0	 0.0	 0.0	 48.6	 0.0	
Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	


























Temperature	(C)	 60.0	 60.0	 52.0	 60.0	 60.0	 60.0	 60.0	 60.0	 32.0	
Pressure	(bar)	 1.2	 1.2	 1.4	 1.2	 1.2	 1.2	 1.4	 1.2	 1.2	
Total	Mass	
(kg/batch)	 1865.4	 2125.8	 247.0	 1754.6	 160.1	 207.8	 6347.3	 6347.3	 6347.3	
Component	Mass	(kg/batch)	
Water	 1618.5	 1616.9	 0.0	 1618.5	 0.0	 0.0	 5855.0	 5855.0	 5855.0	
Glucose	 0.0	 151.1	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	Waste	 9.1	 0.0	 0.0	 9.1	 0.0	 0.0	 32.8	 32.8	 32.8	
Sodium	
Phosphate	 1.0	 4.8	 0.0	 1.0	 0.0	 0.0	 3.5	 3.5	 3.5	
Sulfur	 0.1	 0.4	 0.0	 0.1	 0.0	 0.0	 0.3	 0.3	 0.3	
Sodium	Chloride	 65.7	 328.5	 0.0	 65.7	 0.0	 0.0	 237.7	 237.7	 237.7	
Potassium	
Hydroxide	 3.0	 14.8	 0.0	 3.0	 0.0	 0.0	 10.7	 10.7	 10.7	
Magnesium	
Chloride	 0.1	 0.7	 0.0	 0.1	 0.0	 0.0	 0.5	 0.5	 0.5	
Boric	Acid	 8.6	 8.6	 0.0	 8.6	 0.0	 0.0	 31.1	 31.1	 31.1	
Oxygen	 0.0	 0.0	 241.9	 0.0	 48.4	 203.7	 0.0	 0.0	 0.0	
Ammonia	 0.0	 0.0	 5.1	 0.0	 1.0	 4.1	 0.0	 0.0	 0.0	
Carbon	Dioxide	 110.8	 0.0	 0.0	 0.0	 110.7	 0.0	 0.0	 0.0	 0.0	
Cells		 48.6	 0.0	 0.0	 48.6	 0.0	 0.0	 175.6	 175.6	 175.6	
Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	



























Temperature	 25.0	 63.0	 63.0	 140.0	 106.0	 32.0	 32.0	
Pressure	 1.2	 1.2	 3.6	 3.6	 3.6	 1.2	 1.2	
Total	Mass	
(kg/batch)	 38817.2	 38817.2	 38817.2	 38817.2	 38817.2	 38817.2	 38817.2	
Component	Mass	(kg/batch)	
Water	 29133.0	 29133.0	 29133.0	 29133.0	 29133.0	 29133.0	 29133.0	
Glucose	 2723.2	 2723.2	 2723.2	 2723.2	 2723.2	 2723.2	 2723.2	
Carbon	Waste	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Sodium	
Phosphate	 85.1	 85.1	 85.1	 85.1	 85.1	 85.1	 85.1	
Sulfur	 7.8	 7.8	 7.8	 7.8	 7.8	 7.8	 7.8	
Sodium	Chloride	 6439.7	 6439.7	 6439.7	 6439.7	 6439.7	 6439.7	 6439.7	
Potassium	
Hydroxide	 260.0	 260.0	 260.0	 260.0	 260.0	 260.0	 260.0	
Magnesium	
Chloride	 12.7	 12.7	 12.7	 12.7	 12.7	 12.7	 12.7	
Boric	Acid	 155.8	 155.8	 155.8	 155.8	 155.8	 155.8	 155.8	
Oxygen	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Ammonia	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Cells		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	



















Temperature	 60.0	 60.0	 32.0	 66.0	 66.0	 66.0	
Pressure	 1.2	 1.2	 1.2	 1.4	 1.4	 1.4	
Total	Mass	
(kg/batch)	 3509.2	 1754.6	 102.0	 102.0	 1613.0	 1715.0	
Component	Mass	(kg/batch)	
Water	 3237.0	 1618.5	 0.0	 0.0	 0.0	 0.0	
Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	Waste	 18.1	 9.1	 0.0	 0.0	 0.0	 0.0	
Sodium	Phosphate	 1.9	 1.0	 0.0	 0.0	 0.0	 0.0	
Sulfur	 0.2	 0.1	 0.0	 0.0	 0.0	 0.0	
Sodium	Chloride	 131.4	 65.7	 0.0	 0.0	 0.0	 0.0	
Potassium	
Hydroxide	 5.9	 3.0	 0.0	 0.0	 0.0	 0.0	
Magnesium	
Chloride	 0.3	 0.1	 0.0	 0.0	 0.0	 0.0	
Boric	Acid	 17.2	 8.6	 0.0	 0.0	 0.0	 0.0	
Oxygen	 0.0	 0.0	 0.0	 0.0	 1613.0	 1613.0	
Ammonia	 0.0	 0.0	 102.0	 102.0	 0.0	 102.0	
Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Cells		 97.1	 48.6	 0.0	 0.0	 0.0	 0.0	
Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	





Stream	 S30	 S32	 S40	 S34	 S35	 S36	
Description	 Gases	in	 Media	in	 Waste	gas	 To	heatx	
To	heatx	
pump	 From	heatx	
Temperature	 66.0	 32.0	 60.0	 60.0	 32.0	 32.0	
Pressure	 1.4	 1.2	 1.2	 1.2	 1.2	 1.2	
Total	Mass	
(kg/batch)	 857.5	 19408.6	 1169.1	 17542.2	 17542.2	 17542.2	
Component	Mass	(kg/batch)	
Water	 0.0	 14566.5	 0.0	 16185.0	 16185.0	 16185.0	
Glucose	 0.0	 1361.6	 0.0	 0.0	 0.0	 0.0	
Carbon	
Waste	 0.0	 0.0	 0.0	 90.7	 90.7	 90.7	
Sodium	
Phosphate	 0.0	 42.5	 0.0	 8.7	 8.7	 8.7	
Sulfur	 0.0	 3.9	 0.0	 0.8	 0.8	 0.8	
Sodium	
Chloride	 0.0	 3219.8	 0.0	 657.1	 657.1	 657.1	
Potassium	
Hydroxide	 0.0	 130.0	 0.0	 26.6	 26.6	 26.6	
Magnesium	
Chloride	 0.0	 6.4	 0.0	 1.3	 1.3	 1.3	
Boric	Acid	 0.0	 77.9	 0.0	 86.5	 86.5	 86.5	
Oxygen	 806.5	 0.0	 161.3	 0.0	 0.0	 0.0	
Ammonia	 51.0	 0.0	 10.2	 0.0	 0.0	 0.0	
Carbon	
Dioxide	 0.0	 0.0	 997.6	 0.0	 0.0	 0.0	
Cells		 0.0	 0.0	 0.0	 485.6	 485.6	 485.6	
Product	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	






















Temperature	 60.0	 66.0	 32.0	 60.0	 60.0	 60.0	 32.0	 32.0	
Pressure	 1.2	 1.4	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	
Total	Mass	
(kg/batch)	 1754.6	 857.5	 19408.6	 1169.1	 2338.3	 17542.2	 17542.2	 17542.2	
Component	Mass	(kg/batch)	
Water	 1618.5	 0.0	 14566.5	 0.0	 0.0	 16185.0	 16185.0	 16185.0	
Glucose	 0.0	 0.0	 1361.6	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	Waste	 9.1	 0.0	 0.0	 0.0	 0.0	 90.7	 90.7	 90.7	
Sodium	Phosphate	 1.0	 0.0	 42.5	 0.0	 0.0	 8.7	 8.7	 8.7	
Sulfur	 0.1	 0.0	 3.9	 0.0	 0.0	 0.8	 0.8	 0.8	
Sodium	Chloride	 65.7	 0.0	 3219.8	 0.0	 0.0	 657.1	 657.1	 657.1	
Potassium	
Hydroxide	 3.0	 0.0	 130.0	 0.0	 0.0	 26.6	 26.6	 26.6	
Magnesium	Chloride	 0.1	 0.0	 6.4	 0.0	 0.0	 1.3	 1.3	 1.3	
Boric	Acid	 8.6	 0.0	 77.9	 0.0	 0.0	 86.5	 86.5	 86.5	
Oxygen	 0.0	 806.5	 0.0	 161.3	 322.6	 0.0	 0.0	 0.0	
Ammonia	 0.0	 51.0	 0.0	 10.2	 20.4	 0.0	 0.0	 0.0	
Carbon	Dioxide	 0.0	 0.0	 0.0	 997.6	 1995.3	 0.0	 0.0	 0.0	
Cells		 48.6	 0.0	 0.0	 0.0	 0.0	 485.6	 485.6	 485.6	
Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	Extracellular	





























Temperature	 25.0	 63.0	 63.0	 140.0	 106.0	 32.0	 32.0	 32.0	
Pressure	 1.2	 1.2	 3.6	 3.6	 3.6	 1.2	 1.2	 1.2	
Total	Mass	
(kg/hr)	 21788.2	 21788.2	 21788.2	 21788.2	 21788.2	 21788.2	 21788.2	 21788.2	
Component	Mass	(kg/hr)	
Water	 14958.1	 14958.1	 14958.1	 14958.1	 14958.1	 14958.1	 14958.1	 14958.1	
Glucose	 3507.9	 3507.9	 3507.9	 3507.9	 3507.9	 3507.9	 3507.9	 3507.9	
Carbon	Waste	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Sodium	
Phosphate	 42.6	 42.6	 42.6	 42.6	 42.6	 42.6	 42.6	 42.6	
Sulfur	 19.9	 19.9	 19.9	 19.9	 19.9	 19.9	 19.9	 19.9	
Sodium	
Chloride	 3036.5	 3036.5	 3036.5	 3036.5	 3036.5	 3036.5	 3036.5	 3036.5	
Potassium	
Hydroxide	 136.5	 136.5	 136.5	 136.5	 136.5	 136.5	 136.5	 136.5	
Magnesium	
Chloride	 6.7	 6.7	 6.7	 6.7	 6.7	 6.7	 6.7	 6.7	
Boric	Acid	 80.0	 80.0	 80.0	 80.0	 80.0	 80.0	 80.0	 80.0	
Oxygen	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Ammonia	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	
Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Cells		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Product	
Protein		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Other	
Extracellular	















Temperature	 32.0	 66.0	 66.0	 66.0	 66.0	
Pressure	 1.2	 1.4	 1.4	 1.4	 1.4	
Total	Mass	(kg/hr)	 53.4	 53.4	 323.7	 377.1	 188.6	
Component	Mass	(kg/hr)	
Water	 0.0	 0.0	 0.0	 0.0	 0.0	
Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	Waste	 0.0	 0.0	 0.0	 0.0	 0.0	
Sodium	Phosphate	 0.0	 0.0	 0.0	 0.0	 0.0	
Sulfur	 0.0	 0.0	 0.0	 0.0	 0.0	
Sodium	Chloride	 0.0	 0.0	 0.0	 0.0	 0.0	
Potassium	Hydroxide	 0.0	 0.0	 0.0	 0.0	 0.0	
Magnesium	Chloride	 0.0	 0.0	 0.0	 0.0	 0.0	
Boric	Acid	 0.0	 0.0	 0.0	 0.0	 0.0	
Oxygen	 0.0	 0.0	 323.7	 323.7	 161.9	
Ammonia	 53.4	 53.4	 0.0	 53.4	 26.7	
Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	
Cells		 0.0	 0.0	 0.0	 0.0	 0.0	
Product	Protein		 0.0	 0.0	 0.0	 0.0	 0.0	
Other	Extracellular	




Stream	 S32	 S40	 S34	 S35	 S36	 S51	
Description	 Media	in	 Waste	gas	 To	heatx	
To	heatx	
pump	 From	heatx	 From	reactor	
Temperature	 32.0	 60.0	 60.0	 32.0	 32.0	 60.0	
Pressure	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	
Total	Mass	
(kg/hr)	 10894.1	 1522.2	 7820.3	 7820.3	 7820.3	 8546.6	
Component	Mass	(kg/hr)	
Water	 7479.1	 0.0	 6843.5	 6843.5	 6843.5	 7479.1	
Glucose	 1754.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	
Waste	 0.0	 0.0	 51.8	 51.8	 51.8	 56.6	
Sodium	
Phosphate	 21.3	 0.0	 3.9	 3.9	 3.9	 4.3	
Sulfur	 9.9	 0.0	 1.8	 1.8	 1.8	 2.0	
Sodium	
Chloride	 1518.2	 0.0	 277.8	 277.8	 277.8	 303.6	
Potassium	
Hydroxide	 68.3	 0.0	 12.5	 12.5	 12.5	 13.7	
Magnesium	
Chloride	 3.3	 0.0	 0.6	 0.6	 0.6	 0.7	
Boric	Acid	 40.0	 0.0	 36.6	 36.6	 36.6	 40.0	
Oxygen	 0.0	 32.4	 0.0	 0.0	 0.0	 0.0	
Ammonia	 0.0	 26.7	 0.0	 0.0	 0.0	 0.0	
Carbon	
Dioxide	 0.0	 1463.2	 0.0	 0.0	 0.0	 0.0	
Cells		 0.0	 0.0	 205.3	 205.3	 205.3	 224.4	
Product	
Protein		 0.0	 0.0	 376.4	 376.4	 376.4	 411.3	
Other	
Extracellular	






















Temperature	 66.0	 32.0	 60.0	 60.0	 60.0	 32.0	 32.0	 60.0	
Pressure	 1.4	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	
Total	Mass	(kg/hr)	 188.6	 10894.1	 1522.2	 3044.5	 7820.3	 7820.3	 7820.3	 8546.6	
Component	Mass	(kg/hr)	
Water	 0.0	 7479.1	 0.0	 0.0	 6843.5	 6843.5	 6843.5	 7479.1	
Glucose	 0.0	 1754.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	Waste	 0.0	 0.0	 0.0	 0.0	 51.8	 51.8	 51.8	 56.6	
Sodium	Phosphate	 0.0	 21.3	 0.0	 0.0	 3.9	 3.9	 3.9	 4.3	
Sulfur	 0.0	 9.9	 0.0	 0.0	 1.8	 1.8	 1.8	 2.0	
Sodium	Chloride	 0.0	 1518.2	 0.0	 0.0	 277.8	 277.8	 277.8	 303.6	
Potassium	
Hydroxide	 0.0	 68.3	 0.0	 0.0	 12.5	 12.5	 12.5	 13.7	
Magnesium	
Chloride	 0.0	 3.3	 0.0	 0.0	 0.6	 0.6	 0.6	 0.7	
Boric	Acid	 0.0	 40.0	 0.0	 0.0	 36.6	 36.6	 36.6	 40.0	
Oxygen	 161.9	 0.0	 32.4	 64.7	 0.0	 0.0	 0.0	 0.0	
Ammonia	 26.7	 0.0	 26.7	 53.4	 0.0	 0.0	 0.0	 0.0	
Carbon	Dioxide	 0.0	 0.0	 1463.2	 2926.3	 0.0	 0.0	 0.0	 0.0	
Cells		 0.0	 0.0	 0.0	 0.0	 205.3	 205.3	 205.3	 224.4	
Product	Protein		 0.0	 0.0	 0.0	 0.0	 376.4	 376.4	 376.4	 411.3	
Other	Extracellular	





Stream	 S53	 S54	 S55	 S56	
Description	
Total	from	
reactors	 To	heatx	 To	holding	tank	 From	holding	tank	
Temperature	 60.0	 60.0	 32.0	 32.0	
Pressure	 1.2	 1.2	 1.2	 1.2	
Total	Mass	(kg/hr)	 17093.1	 17093.1	 17093.1	 17093.1	
Component	Mass	(kg/hr)	
Water	 14958.1	 14958.1	 14958.1	 14958.1	
Glucose	 0.0	 0.0	 0.0	 0.0	
Carbon	Waste	 113.2	 113.2	 113.2	 113.2	
Sodium	Phosphate	 8.5	 8.5	 8.5	 8.5	
Sulfur	 4.0	 4.0	 4.0	 4.0	
Sodium	Chloride	 607.3	 607.3	 607.3	 607.3	
Potassium	Hydroxide	 27.3	 27.3	 27.3	 27.3	
Magnesium	Chloride	 1.3	 1.3	 1.3	 1.3	
Boric	Acid	 80.0	 80.0	 80.0	 80.0	
Oxygen	 0.0	 0.0	 0.0	 0.0	
Ammonia	 0.0	 0.0	 0.0	 0.0	
Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	
Cells		 448.7	 448.7	 448.7	 448.7	
Product	Protein		 822.7	 822.7	 822.7	 822.7	





Stream	 S57	 S58	 S59	
Description	 To	centrifuge	 Cell	waste	 From	centrifuge	
Temperature	 32.0	 32.0	 32.0	
Pressure	 1.2	 1.2	 1.2	
Total	Mass	(kg/hr)	 17093.1	 1332.8	 15760.3	
Component	Mass	(kg/hr)	
Water	 14958.1	 798.5	 14159.6	
Glucose	 0.0	 0.0	 0.0	
Carbon	Waste	 113.2	 6.0	 107.1	
Sodium	Phosphate	 8.5	 0.5	 8.1	
Sulfur	 4.0	 0.2	 3.8	
Sodium	Chloride	 607.3	 32.4	 574.9	
Potassium	Hydroxide	 27.3	 1.5	 25.8	
Magnesium	Chloride	 1.3	 0.1	 1.3	
Boric	Acid	 80.0	 4.3	 75.7	
Oxygen	 0.0	 0.0	 0.0	
Ammonia	 0.0	 0.0	 0.0	
Carbon	Dioxide	 0.0	 0.0	 0.0	
Cells		 448.7	 444.3	 4.5	
Product	Protein		 822.7	 43.9	 778.8	
Other	Extracellular	

















Temperature	 32.0	 32.0	 32.0	 32.0	 32.0	
Pressure	 1.2	 1.2	 1.2	 1.2	 1.2	
Total	Mass	(kg/hr)	 15760.3	 25200.0	 14331.9	 14331.9	 26628.4	
Component	Mass	(kg/hr)	
Water	 14159.6	 25200.0	 14159.6	 14159.6	 25200.0	
Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	Waste	 107.1	 0.0	 10.7	 10.7	 96.4	
Sodium	Phosphate	 8.1	 0.0	 0.8	 0.8	 7.3	
Sulfur	 3.8	 0.0	 0.4	 0.4	 3.4	
Sodium	Chloride	 574.9	 0.0	 57.5	 57.5	 517.4	
Potassium	Hydroxide	 25.8	 0.0	 2.6	 2.6	 23.3	
Magnesium	Chloride	 1.3	 0.0	 0.1	 0.1	 1.1	
Boric	Acid	 75.7	 0.0	 7.6	 7.6	 68.2	
Oxygen	 0.0	 0.0	 0.0	 0.0	 0.0	
Ammonia	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	
Cells		 4.5	 0.0	 4.5	 4.5	 0.0	
Product	Protein		 778.8	 0.0	 77.9	 77.9	 700.9	
Other	Extracellular	























Temperature	 32.0	 32.0	 32.0	 32.0	 32.0	 32.0	 32.0	 32.0	
Pressure	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	 1.2	
Total	Mass	
(kg/hr)	 26628.4	 25200.0	 25855.8	 25855.8	 10508.4	 15347.4	 6517.0	 25962.4	
Component	Mass	(kg/hr)	
Water	 25200.0	 25200.0	 25200.0	 25200.0	 10241.9	 14958.1	 0.0	 25200.0	
Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 3507.9	 0.0	
Carbon	
Waste	 96.4	 0.0	 82.0	 82.0	 33.3	 48.7	 0.0	 14.5	
Sodium	
Phosphate	 7.3	 0.0	 6.2	 6.2	 2.5	 3.7	 38.9	 1.1	
Sulfur	 3.4	 0.0	 2.9	 2.9	 1.2	 1.7	 18.2	 0.5	
Sodium	
Chloride	 517.4	 0.0	 439.8	 439.8	 178.7	 261.0	 2775.5	 77.6	
Potassium	
Hydroxide	 23.3	 0.0	 19.8	 19.8	 8.0	 11.7	 124.8	 3.5	
Magnesium	
Chloride	 1.1	 0.0	 1.0	 1.0	 0.4	 0.6	 6.1	 0.2	
Boric	Acid	 68.2	 0.0	 57.9	 57.9	 23.5	 34.4	 45.6	 0.0	
Oxygen	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Ammonia	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	
Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Cells		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Product	
Protein		 700.9	 0.0	 37.4	 37.4	 15.2	 22.2	 0.0	 663.5	
Other	
Extracellular	





Stream	 S73	 S74	 S75	 S76	
Description	 To	evaporator	 To	steam	generator	 From	waste	gas	tank	 To	spray	dryer	
Temperature	 32.0	 100.0	 60.0	 32.0	
Pressure	 1.2	 1.2	 1.2	 1.2	
Total	Mass	(kg/hr)	 25962.4	 24880.0	 3044.5	 512.7	
Component	Mass	(kg/hr)	
Water	 25200.0	 24880.0	 0.0	 320.0	
Glucose	 0.0	 0.0	 0.0	 0.0	
Carbon	Waste	 14.5	 0.0	 0.0	 14.5	
Sodium	Phosphate	 1.1	 0.0	 0.0	 1.1	
Sulfur	 0.5	 0.0	 0.0	 0.5	
Sodium	Chloride	 77.6	 0.0	 0.0	 77.6	
Potassium	Hydroxide	 3.5	 0.0	 0.0	 3.5	
Magnesium	Chloride	 0.2	 0.0	 0.0	 0.2	
Boric	Acid	 0.0	 0.0	 0.0	 0.0	
Oxygen	 0.0	 0.0	 64.7	 57.9	
Ammonia	 0.0	 0.0	 53.4	 0.0	
Carbon	Dioxide	 0.0	 0.0	 2926.3	 0.0	
Cells		 0.0	 0.0	 0.0	 0.0	
Product	Protein		 663.5	 0.0	 0.0	 0.0	

















Temperature	 32.0	 28.9	 76.0	 160.0	 80.0	 32.0	 32.0	
Pressure	(bar)	 1.2	 1.0	 1.5	 1.5	 1.5	 1.4	 1.0	
Total	Mass	(kg/hr)	 1082.4	 1012.8	 1012.8	 1012.8	 1332.8	 762.4	 762.4	
Component	Mass	(kg/hr)	
Water	 320.0	 12.8	 12.8	 12.8	 332.8	 0.0	 0.0	
Glucose	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	Waste	 14.5	 0.0	 0.0	 0.0	 0.0	 14.5	 14.5	
Sodium	Phosphate	 1.1	 0.0	 0.0	 0.0	 0.0	 1.1	 1.1	
Sulfur	 0.5	 0.0	 0.0	 0.0	 0.0	 0.5	 0.5	
Sodium	Chloride	 77.6	 0.0	 0.0	 0.0	 0.0	 77.6	 77.6	
Potassium	Hydroxide	 3.5	 0.0	 0.0	 0.0	 0.0	 3.5	 3.5	
Magnesium	Chloride	 0.2	 0.0	 0.0	 0.0	 0.0	 0.2	 0.2	
Boric	Acid	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Air	 0.0	 1000.0	 1000.0	 1000.0	 1000.0	 0.0	 0.0	
Oxygen	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Ammonia	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Carbon	Dioxide	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Cells		 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	
Product	Protein		 663.5	 0.0	 0.0	 0.0	 0.0	 663.5	 663.5	
Other	Extracellular	
Protein		 1.6	 0.0	 0.0	 0.0	 0.0	 1.6	 1.6			 	
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14. Energy Balance and Utility Requirements 
14.1 Annual Utility Requirements 
 Table	14.1	Annual	utility	costs	for	this	process.	





Code	 Cooling	Water	(kg/hr)	 Chilled	Water	(kg/hr)	 Process	Water	(kg/hr)	 Medium	Pressure	Steam	(kg/hr)	 Electricity	(kW)	 Hours	Uptime	per	Year	TN-01	 0.0	 0.0	 0.0	 0.0	 0.0	 8322.0	TN-02	 0.0	 0.0	 14958.1	 0.0	 8.8	 8322.0	B-01	 0.0	 0.0	 0.0	 0.0	 20.0	 8322.0	GEN-01	 0.0	 0.0	 0.0	 0.0	 74.6	 8322.0	SBR-01	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	SBR-03	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	SBR-05	 0.0	 0.0	 0.0	 0.0	 0.0	 0.0	SBR-02	 0.0	 0.0	 0.0	 0.0	 0.3	 1847.5	SBR-04	 0.0	 0.0	 0.0	 0.0	 0.3	 1847.5	SBR-06	 0.0	 0.0	 0.0	 0.0	 0.3	 1847.5	SBR-07	 0.0	 0.0	 0.0	 0.0	 0.6	 1344.5	HX-01	 20.0	 0.0	 0.0	 0.0	 0.0	 1344.5	CMP-01	 0.0	 0.0	 0.0	 0.0	 13.4	 6782.3	BR-01	 0.0	 0.0	 0.0	 0.0	 12.6	 7242.7	BR-02	 0.0	 0.0	 0.0	 0.0	 12.6	 7242.7	P-02	 0.0	 0.0	 0.0	 0.0	 0.4	 7242.7	P-03	 0.0	 0.0	 0.0	 0.0	 0.4	 7242.7	HX-02	 9854.0	 0.0	 0.0	 0.0	 0.0	 7242.7	HX-03	 9854.0	 0.0	 0.0	 0.0	 0.0	 7242.7	GTN-01	 0.0	 0.0	 0.0	 0.0	 0.0	 8322.0	P-05	 0.0	 0.0	 0.0	 0.0	 0.0	 6782.3	HX-07	 0.0	 23925.0	 0.0	 0.0	 0.0	 6782.3	TN-03	 0.0	 0.0	 0.0	 0.0	 8.8	 6782.3	P-06	 0.0	 0.0	 0.0	 0.0	 1.7	 6782.3	CNT-01	 1010.0	 0.0	 0.0	 0.0	 22.0	 6782.3	TN-04	 0.0	 0.0	 0.0	 0.0	 962.0	 6782.3	P-07	 0.0	 0.0	 0.0	 0.0	 1.5	 6782.3	TFF-01	 0.0	 0.0	 25200.0	 0.0	 22.0	 6782.3	
65 
 






























































































































































	 	 	 	















































































































































































































































































































































































































	 	 	 	







































Cost	TN-01	 Ammonia	Storage	 	 ECS*	 2643	 4	 No	 10572	TN-02	 Media	Tank	 	 ECS	 102427	 4.16	 No	 426097		 Media	Tank	Agitation	 	 ECS	 6240	 1	 No	 6240	B-01	 Ammonia	Vaporizer	 Algas-SDI	 Vendor	 20000	 2	 No	 40000	GEN-01	 Oxygen	Generator	 Air	Products	 Vendor	 1300000	 2	 No	 2600000	SBR-01	 1	mL	Test	Tube	 Fisherbrand	 Vendor	 521.5	 1	 No	 522	SBR-03	 1	mL	Test	Tube	 Fisherbrand	 Vendor	 521.5	 1	 No	 522	SBR-05	 1	mL	Test	Tube	 Fisherbrand	 Vendor	 521.5	 1	 No	 522	SBR-02	 2	L	Reactor	 Sartorius	Sedim	 Vendor	 25000	 4.16	 No	 104000	SBR-04	 2	L	Reactor	 Sartorius	Sedim	 Vendor	 25000	 4.16	 No	 104000	SBR-06	 2	L	Reactor	 Sartorius	Sedim	 Vendor	 25000	 4.16	 No	 104000	SBR-07	 2000	L	Reactor	 Sartorius	Sedim	 Vendor	 563000	 4.16	 No	 2342080	
115 
 
HX-01	 Seed	Train	HeatX	 	 ECS	 5113	 1.8	 No	 9203	CMP-01	 Gas	Compressor	 	 ECS	 61936	 2.15	 No	 133162	BR-01	 20000	L	Reactor	 Paul	Mueller	 Vendor	 285000	 4.16	 No	 1185600	BR-02	 20000	L	Reactor	 Paul	Mueller	 Vendor	 285000	 4.16	 No	 1185600	
	 Bioreactor	Agitation	 Paul	Mueller	 Vendor	 125000	 4.16	 No	 520000		 Bioreactor	Agitation	 Paul	Mueller	 Vendor	 125000	 4.16	 No	 520000	P-02	 Cooling	Loop	Pump	 	 ECS	 15641	 3.3	 Yes	 67256	P-03	 Cooling	Loop	Pump	 	 ECS	 15641	 3.3	 Yes	 67256	HX-02	 Cooling	Loop	HeatX	 	 ECS	 47769	 3.17	 Yes	 167069	HX-03	 Cooling	Loop	HeatX	 	 ECS	 47769	 3.17	 Yes	 199197	GTN-01	 Waste	Gas	Tank	 	 ECS	 357516	 4	 No	 1430064	P-05	 Pump	to	Holding	Tank	 	 ECS	 9085	 3.3	 Yes	 39066	HX-07	 Holding	Tank	HeatX	 	 Aspen	 16940	 3.17	 Yes	 70640	TN-03	 Holding	Tank	 	 ECS	 102427	 4.16	 No	 426096	P-06	 Pump	to	Centrifuge	 	 ECS	 9085	 3.3	 Yes	 39066	CNT-01	 Centrifuge	 Alfa	Laval	 Vendor	 400000	 2.03	 Yes	 1212000	SD-01	 Spray	Dryer	 GEA	 Consultant	 500000	 2	 No	 1000000	TN-04	 Cell	Waste	Tank	 	 ECS	 443311	 8	 No	 3546488	P-07	 Pump	to	Filtration	 	 ECS	 9092	 3.3	 Yes	 39096	TFF-01	 45	kDa	Ultrafiltration	 MilliporeSigma	Consultant	 2117180	 2.32	 No	 4911858	P-08	 Pump	to	Cell	Waste	 	 ECS	 9114	 3.3	 Yes	 39190	P-09	 Pump	to	Filtration	2	 	 ECS	 9228	 3.3	 Yes	 39680	TFF-02	 8	kDa	Ultrafiltration	 	 Consultant	 2615840	 2.32	 no	 6068749	P-10	 Pump	to	Sterilization	 	 ECS	 9209	 3.3	 Yes	 39599	HX-04	 Economizer	 	 Aspen	 12000	 3.17	 No	 38040	P-12	 Pump	to	Sterilizer	 	 ECS	 9125	 3.3	 Yes	 39238	HX-05	 Sterilizer	 	 Aspen	 80485	 3.17	 No	 255137	
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Table 18.1: Calculation Parameters for Total Permanent Investment 
Total Permanent Investment       
 
Cost of Site Preparations: 5.00% of Total Bare Module Costs 
Cost of Service Facilities: 5.00% of Total Bare Module Costs 
Allocated Costs for utility plants and related 
facilities: $0  
 
Cost of Contingencies and Contractor Fees: 18.00% 
of Direct Permanent 
Investment 
Cost of Land: 2.00% of Total Depreciable Capital 
Cost of Royalties: $0  
 
















































Operations            
 Direct Wages and Benefits    $18,720,000  
 Direct Salaries and Benefits    $2,808,000  
 Operating Supplies and Services   $1,123,200  
 Technical Assistance to Manufacturing   $13,500,000  
 Control Laboratory    $14,625,000  
      
 Total Operations    $50,776,200  
      
Maintenance     
 Wages and Benefits    $2,228,915  
 Salaries and Benefits    $557,229  
 Materials and Services    $2,228,915  
 Maintenance Overhead    $111,446  
      
 Total Maintenance    $5,126,505  
      
Operating Overhead     
      
 General Plant Overhead:    $1,726,304  
 Mechanical Department Services:   $583,539  
 Employee Relations Department:   $1,434,535  
 Business Services:    $1,799,247        
 Total Operating Overhead    $5,543,625        
Property Taxes and Insurance          
 Property Taxes and Insurance:   $990,629  
      
Other Annual Expenses     
      
 Rental Fees (Office and Laboratory Space):  $ -    
 Licensing Fees:    $ -    
 Miscellaneous:    $ -    
      
 Total Other Annual Expenses   $ -    
      
Total Fixed Costs 
Fixed Cost /kg of Product    
 $62,436,959  




















ROI Analysis (Third Production Year) 
     
 Annual Sales  
        
145,795,367  
 
 Annual Costs  
      
(118,496,598) 
 
 Depreciation  
           
(5,103,721) 
 
 Income Tax  
           
(8,212,168) 
 
 Net Earnings  
           
13,982,880  
 
 Total Capital Investment 
           
80,562,400  
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Flow Rate 
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 Stream	Energies	are	given	by	 𝑄 = ?̇? ∙ 𝐶" ∙ (𝑇#$%&'( − 25°		)	Outlet	streams	have	negative	flow	rates.	Generation	Term	is	given	by	
𝑄 = (𝑂𝑥𝑦𝑔𝑒𝑛	𝑈𝑝𝑡𝑎𝑘𝑒	𝑅𝑎𝑡𝑒	𝑚𝑜𝑙	𝑂)	𝐿	ℎ𝑟 ) × (𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦	𝑜𝑓	𝐹𝑒𝑟𝑚𝑒𝑛𝑡𝑎𝑡𝑖𝑜𝑛	 𝑘𝐽𝑘𝑔	𝑂)	𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑)× (0.032	 𝑘𝑔𝑚𝑜𝑙	𝑂)) × (𝑊𝑜𝑟𝑘𝑖𝑛𝑔	𝑉𝑜𝑙𝑢𝑚𝑒	𝐿)		
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A.2	Process	Output	Calculations		 Many	of	the	parameters	of	the	project	(e.g.	reactor	sizes	and	numbers)	were	calculated	based	on	the	process	output	estimates.	These	calculations	are	outlined	below.	Days	Uptime:	0.95 × 365 = 346.75	𝑑𝑎𝑦𝑠	Maintenance	Days	per	Campaign:	1	day	Number	of	Campaigns	per	Year:	 +',#	-"$.(&/'("'.01	2&10$3	4	5'.1$&1'16&	+',# = 38	Maximum	Growth	Rate:	 71)+89:7.10	;.(& = 71)<.> = 0.462	ℎ𝑟?<	Volume	per	Production	Reactor:	16185	L	(adjusted	using	trial	and	error)	Initial	Concentration	of	Reactor:	𝑀𝑎𝑥	𝐺𝑟𝑜𝑤𝑡ℎ	𝑅𝑎𝑡𝑒 × @"#$@" = 3	𝑔/𝐿	Time	for	Production	Reactor	(Reactor	N)	to	reach	Peak	Cell	Density:	𝑙𝑛(𝑃𝑒𝑎𝑘	𝐶𝑒𝑙𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	𝑜𝑓	𝑅𝑒𝑎𝑐𝑡𝑜𝑟] )	/	𝑙𝑛(2) 	× 𝐷𝑜𝑢𝑏𝑙𝑖𝑛𝑔	𝑇𝑖𝑚𝑒 =4.98	ℎ𝑟		Production	Time	per	Campaign:	𝐶𝑎𝑚𝑝𝑎𝑖𝑔𝑛	𝑃𝑒𝑟𝑖𝑜𝑑	(ℎ𝑟𝑠) × 24	 −	(𝑇𝑖𝑚𝑒	𝑓𝑜𝑟	𝑁	𝑡𝑜	𝑟𝑒𝑎𝑐ℎ	𝑃𝑒𝑎𝑘	𝐶𝑒𝑙𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦	 + 	𝑇𝑖𝑚𝑒	𝑓𝑜𝑟	𝑁 −1	𝑡𝑜	𝑅𝑒𝑎𝑐ℎ	𝑝𝑒𝑎𝑘	𝑐𝑒𝑙𝑙	𝑑𝑒𝑛𝑠𝑖𝑡𝑦	 + 	𝑇𝑖𝑚𝑒	𝑓𝑜𝑟	𝑅𝑒𝑎𝑐𝑡𝑜𝑟	1	𝑡𝑜	𝑅𝑒𝑎𝑐ℎ	𝑃𝑒𝑎𝑘	𝐶𝑒𝑙𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦) 	=	8 × 24	 −	(4.98 + 14.95 + 16.00) 	= 	156	ℎ𝑟𝑠			Production	time	Per	Reactor	per	Year:	𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑇𝑖𝑚𝑒	𝑝𝑒𝑟	𝐶𝑎𝑚𝑝𝑎𝑖𝑔𝑛	 ×	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝐶𝑎𝑚𝑝𝑎𝑖𝑔𝑛𝑠	𝑝𝑒𝑟	𝑦𝑒𝑎𝑟	 = 	5931	ℎ𝑟𝑠		
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Flow	Rate	out	of	Production	Reactor:	𝑀𝑎𝑥	𝐺𝑟𝑜𝑤𝑡ℎ	𝑅𝑎𝑡𝑒 × 𝑉𝑜𝑙𝑢𝑚𝑒	𝑝𝑒𝑟	𝑅𝑒𝑎𝑐𝑡𝑜𝑟 =7480	𝐿/ℎ𝑟		Amount	of	Product	per	Reactor	Per	Campaign:	(𝑃𝑒𝑎𝑘	𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑇𝑖𝑡𝑒𝑟 × 𝐹𝑙𝑜𝑤	𝑅𝑎𝑡𝑒 ×𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑇𝑖𝑚𝑒	𝑝𝑒𝑟	𝐶𝑎𝑚𝑝𝑎𝑖𝑔𝑛) + (𝑃𝑒𝑎𝑘	𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑇𝑖𝑡𝑒𝑟 × 𝑉𝑜𝑙𝑢𝑚𝑒	𝑝𝑒𝑟	𝑅𝑒𝑎𝑐𝑡𝑜𝑟) =65092	𝑘𝑔		Amount	of	product	per	year:	𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑝𝑒𝑟	𝑟𝑒𝑎𝑐𝑡𝑜𝑟	𝑝𝑒𝑟	𝑐𝑎𝑚𝑝𝑎𝑖𝑔𝑛	 ×	𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑎𝑚𝑝𝑎𝑖𝑔𝑛𝑠	𝑝𝑒𝑟	𝑟𝑒𝑎𝑐𝑡𝑜𝑟	𝑝𝑒𝑟	𝑦𝑒𝑎𝑟	 × 𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑟𝑒𝑎𝑐𝑡𝑜𝑟𝑠	 = 	4947028.7	𝑘𝑔/𝑦𝑟		Fraction	of	Product	Lost	in	Separation	(from	Material	Balances):	0.276	Purity	of	Final	Product:	0.8		Annual	Enzyme	Production	Rate	considering	Loss:	𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑇𝑎𝑟𝑔𝑒𝑡	/	(1 −𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝐿𝑜𝑠𝑡)		Volumetric	Flow	Rate	Required	from	Reactors:	𝐴𝑛𝑛𝑢𝑎𝑙	𝐸𝑛𝑧𝑦𝑚𝑒	𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛	𝑅𝑎𝑡𝑒	/	𝑃𝑟𝑜𝑑𝑢𝑐𝑡	𝑇𝑖𝑡𝑒𝑟	 = 	112986333.8	𝐿/𝑦𝑟		Oxygen	Required:	𝑃𝑒𝑎𝑘	𝑂𝑥𝑔𝑦𝑒𝑛	𝑈𝑝𝑡𝑎𝑘𝑒	𝑅𝑖𝑔ℎ𝑡	 × 	𝑉𝑜𝑙𝑢𝑚𝑒	𝑝𝑒𝑟	𝑅𝑒𝑎𝑐𝑡𝑜𝑟 ×𝑂𝑥𝑦𝑔𝑒𝑛	𝑀𝑜𝑙𝑎𝑟	𝑀𝑎𝑠𝑠 = 129.5	𝑘𝑔/ℎ𝑟		
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Fraction	of	Protein	that	is	Extracellular	(from	references):	0.062		Total	Biomass	Excluding	Protein:	𝑃𝑒𝑎𝑘	𝐶𝑒𝑙𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦	/	(1 − 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝐸𝑥𝑡𝑟𝑎𝑐𝑒𝑙𝑙𝑢𝑙𝑎𝑟 ×𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝐵𝑖𝑜𝑚𝑎𝑠𝑠	𝑡ℎ𝑎𝑡	𝑖𝑠	𝑃𝑟𝑜𝑡𝑒𝑖𝑛) = 31.47	𝑔/𝐿	Extracellular	Proteins	Excluding	Product:	𝑇𝑜𝑡𝑎𝑙	𝐵𝑖𝑜𝑚𝑎𝑠𝑠	𝐸𝑥𝑐𝑙𝑢𝑑𝑖𝑛𝑔	𝑃𝑟𝑜𝑡𝑒𝑖𝑛 −𝑃𝑒𝑎𝑘	𝐶𝑒𝑙𝑙	𝐷𝑒𝑛𝑠𝑖𝑡𝑦 = 1.47	𝑔/𝐿	
A.3	Material	Balance	Calculations		 Multiple	calculations	would	be	made	throughout	the	process	of	constructing	the	seed	train/batch/continuous	material	balances,	which	are	collected	below.	
Elemental	Composition	of	Biomass		 In	order	to	calculate	the	amount	of	media	components	required	for	cell	growth,	the	fraction	of	biomass	that	is	made	up	of	each	of	a	selection	of	key	elements	was	collected.	The	fraction	of	cell	mass	and	protease	mass	that	is	each	element	is	shown	below.	
 Cell Mass Protease 
Fraction C  0.436 0.349 
Fraction N 0.073 0.170 
Fraction O  0.073 0.384 
Fraction P 0.019 0.000 
Fraction S 0.007 0.015 
Fraction Na 0.024 0.000 
Fraction K 0.169 0.000 
Fraction Mg 0.005 0.000 




= 𝐶𝑒𝑙𝑙𝑠	𝑂𝑢𝑡 ∗ 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝐶	𝑖𝑛	𝐶𝑒𝑙𝑙 + 𝑃𝑟𝑜𝑡𝑒𝑖𝑛	𝑂𝑢𝑡 ∗ 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝐶	𝑖𝑛	𝑃𝑟𝑜𝑡𝑒𝑖𝑛𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑈𝑝𝑡𝑎𝑘𝑒𝑛	𝐶	𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑	𝑖𝑛	𝐵𝑖𝑜𝑚𝑎𝑠𝑠= 700.97	𝑘𝑔/ℎ𝑟	
	𝑀𝑜𝑙𝑒𝑠	𝐺𝑙𝑢𝑐𝑜𝑠𝑒	𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑	𝑈𝑝𝑡𝑎𝑘𝑒	𝐶𝑀𝑊	𝑜𝑓	𝐶 ∗ 1	𝑚𝑜𝑙	𝐺𝑙𝑢𝑐𝑜𝑠𝑒6	𝑚𝑜𝑙	𝐶 	
𝐶𝑎𝑟𝑏𝑜𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 = 𝑀𝑜𝑙	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 ∗ 6	𝑚𝑜𝑙	𝐶𝑚𝑜𝑙	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 ∗ 𝑀𝑊	𝐶	𝑂𝑥𝑦𝑔𝑒𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 = 𝑀𝑜𝑙	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 ∗ 6	𝑚𝑜𝑙	𝑂𝑚𝑜𝑙	𝐺𝑙𝑢𝑐𝑜𝑠𝑒 ∗ 𝑀𝑊	𝑂	𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝐶𝑎𝑟𝑏𝑜𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒	𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑	𝑡𝑜	𝐶𝑂2= (1 − 𝐹𝑟𝑎𝑐𝑡𝑖𝑜𝑛	𝑜𝑓	𝑈𝑝𝑡𝑎𝑘𝑒𝑛	𝐶	𝐼𝑛𝑐𝑜𝑟𝑝𝑜𝑟𝑎𝑡𝑒𝑑) ∗ 𝐶𝑎𝑟𝑏𝑜𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒	




= 𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑	𝐶𝑎𝑟𝑏𝑜𝑛	𝑖𝑛	𝐺𝑙𝑢𝑐𝑜𝑠𝑒	𝐶𝑜𝑛𝑣𝑒𝑟𝑡𝑒𝑑	𝑡𝑜	𝐶𝑂2 −𝑀𝑎𝑠𝑠	𝐶𝑂2	𝐴𝑐𝑡𝑢𝑎𝑙𝑀𝑊	𝐶𝑂2∗ 𝑀𝑊	𝐶 = 56.59	𝑘𝑔/ℎ𝑟		
Drying	Air	Required	for	Spray	Dryer	𝑀𝑎𝑠𝑠	𝑊𝑎𝑡𝑒𝑟	𝑃𝑒𝑟	𝑀𝑎𝑠𝑠	𝐴𝑖𝑟	𝑎𝑡	50%	𝑅𝑒𝑙. 𝐻𝑢𝑚𝑖𝑑𝑖𝑡𝑦	@	28.9𝐶 = 0.0128	(𝑓𝑟𝑜𝑚	𝑡𝑎𝑏𝑙𝑒𝑠)	𝑀𝑎𝑥	𝑀𝑎𝑠𝑠	𝑊𝑎𝑡𝑒𝑟𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝐸𝑥ℎ𝑎𝑢𝑠𝑡	𝐴𝑖𝑟 = 0.530 𝑘𝑔𝑚D (𝑓𝑟𝑜𝑚	𝑡𝑎𝑏𝑙𝑒𝑠)	
𝑉𝑜𝑙𝑢𝑚𝑒	𝐴𝑖𝑟	𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 = 𝑀𝑎𝑠𝑠	𝑊𝑎𝑡𝑒𝑟	𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑𝑀𝑎𝑥	𝑀𝑎𝑠𝑠	𝑊𝑎𝑡𝑒𝑟𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝐸𝑥ℎ𝑎𝑢𝑠𝑡	𝐴𝑖𝑟 = 627.7	𝑚D	
















1600 West Phelps Street | Springfield, MO 65802 | 417-575-9000 | 1-800-MUELLER | paulmueller.com
Your next tank project is one step closer to being done!
Contact us at contact@paulmueller.com and see how 
we can make this new equipment a reality on your 
timeline and budget.








Tank Inside Diameter = 2100 mm
 
Bottom Head Type = ASME D&F
Material Thickness = 2.67 mm
Inside Knuckle Radius = 127 mm
Straight Flange Length = 25.4 mm
Inside Dish Radius = 2105.03 mm
 
Shell Material Thickness = 2.67 mm
Shell Short Side Height = 5300 mm
 
Top Head Type = ASME D&F
Material Thickness = 2.67 mm
Inside Knuckle Radius = 127 mm
Straight Flange Length = 25.4 mm
Inside Dish Radius = 2105.03 mm
 
Bottom Head Volume = 839.03 liters
Shell Volume = 18357.11 liters
Top Head Volume = 839.03 liters
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